Introduction
============

Triple negative breast cancer (TNBC) is an aggressive type of breast cancer that lacks the expression of human epidermal growth factor receptor 2, progesterone receptor, and estrogen receptor. Although TNBC only accounts for 12-17% of all breast cancers, it represents the most difficult breast cancer subtype to treat because of its aggressiveness, high proliferation, poor prognosis, and low survival rates [@B1], [@B2]. Current treatments for TNBC are limited to chemotherapy, including taxanes and anthracyclines, instead of receptor-targeted therapies, such as trastuzumab, pertuzumab, and tamoxifen [@B3]-[@B7]. The vascular endothelial growth factor (VEGF) family comprises VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placenta growth factor (PGF). VEGF plays important roles in angiogenesis and is correlated with high metastasis of breast cancer. In particular, TNBC patients have significantly higher VEGF expressions in tumors compared to non-TNBC patients [@B8]-[@B11]. However, anti-VEGF therapies using antibodies, such as bevacizumab and ramucirumab, failed to improve the survival rate of TNBC patients in a few phase III clinical trials [@B12]-[@B14]. The disappointing result is possibly due to the fact that VEGF not only exerts its pro-angiogenic effects on endothelial cells but also acts as a survival and autocrine growth factor for VEGF receptor (VEGFR) expressing cancer cells [@B15], [@B16]. Moreover, VEGFR-1 is highly expressed in TNBC cells, and it is predominantly expressed internally in the nuclear envelope [@B17]. As a result, anti-VEGF antibodies used in those clinical trials only blocked VEGF\'s interaction with the VEGFR on the plasma membrane of tumor cells and nearby endothelial cells, but not the VEGFR inside tumor cells. We, therefore, hypothesize that silencing the expression of VEGF in TNBC cells will not only reverse VEGF\'s pro-angiogenic effect on endothelial cells but also block its pro-tumor activity on tumor cells.

Small interfering RNAs (siRNAs) have the capability to specifically down-regulate target genes with high potency [@B18]. In our previous study, we identified a VEGF siRNA and reported its inhibitory effect on the proliferation and migration of HER2+ breast cancer cells [@B19].However, poor stability, negative charge and large molecular weight (\~14 kDa) of siRNAs limit their delivery to target cells in animals to exert biological activities [@B20]. Due to their safety and ease of production, non-viral vectors, such as polymers, micelles, liposomes, and nanoparticles, have attracted a great deal of attention to overcome these obstacles of siRNA delivery [@B21]-[@B24]. In August 2018, the lipid nanoparticle-formulated siRNA (Patisiran) treating hereditary transthyretin-mediated amyloidosis was approved by the Food and Drug Administration (FDA) as the first siRNA drug in the world.

Polyethyleneimine (PEI) is one of the promising polymers for siRNA delivery. PEI efficiently neutralizes the negative charge of siRNAs, forms stable nanocomplexes with siRNAs through electrostatic interactions and releases siRNAs from the endosome to the cytosol via the "proton sponge effect" [@B25], [@B26]. However, the transfection efficiency and cytotoxicity of siRNA/PEI complexes are highly correlated with the molecular weight of PEI [@B27]. High-molecular-weight (HMW) PEI has high transfection efficiency but with considerable cytotoxicity. On the contrary, low-molecular-weight (LMW) PEI has low cytotoxicity but also exhibits low gene transfection efficiency because of its low condensation capacity [@B27], [@B28]. The low polymerization degree of LMW-PEI is correlated with its small size and limits its ability to form strong electrostatic associations with nucleic acids in a nanoscale structure [@B27]. One strategy is grafting LMW PEIs to a polymer to increase their condensation capability with nucleic acids [@B29], [@B30].

Polyethylene glycol (PEG) has been widely used to improve the pharmacokinetics and stability of nanoscale drug delivery systems, including siRNA nanocomplexes, through the "stealth effect" [@B31]. We recently developed a PEG-glutaric acid-lysine based biodegradable copolymer to prepare a polymer-drug conjugate of rapamycin [@B32]. In the present study, LMW branched PEIs with different molecular weights (600 Da, 1800 Da, and 10k Da) were conjugated to the copolymer to form a positively charged and biodegradable nanocarrier to deliver the VEGF siRNA to TNBC. The polymer grafted with PEI~1800~ efficiently delivered the VEGF siRNA into TNBC cells with a high transfection efficiency and low cytotoxicity. In vitro activity studies showed that the siRNA nanocomplex significantly inhibits migration and invasion of TNBC cells. Moreover, the nanocomplex exhibited efficient tumor penetration in a 3D tumor spheroid model, suggesting a good penetration capability of the nanocomplex in tumor microenvironment *in vivo*. The VEGF siRNA nanocomplex efficiently inhibit tumor growth *in vivo* and successfully down-regulate VEGF expression in the tumor.

Materials
=========

Poly(ethyleneimine) (MW 600, 1800, 10k), BD Matrigel, Annexin V-FITC apoptosis kit, GelRed^TM^ and chemical regents were purchased from Fisher Scientific (Pittsburg, PA). Lipofectamine^®^ 2000, VEGF siRNA, and Cy5-labeled siRNA were obtained from Invitrogen (Carlsbad, CA). VEGF ELISA kit was ordered from R&D system (Minneapolis, MN)**.** The CellTiter-Glo luminescent cell viability assay kit was purchased from Promega (Madison, WI).

Cell Culture
------------

HeLa, MDA-MB-231 and MCF-10A cells were purchased from American Type Culture Collection. HeLa and MDA-MB-231 cells were cultured in DMEM with 10% fetal bovine serum (FBS), 100 µg/mL streptomycin and 100 units/mL penicillin. MCF-10A cells were cultured in Mammary Epithelial Cell Growth Medium (Lonza, MD) with 100 ng/ml cholera toxin (Fisher, PA). Human Umbilical Vein Endothelial Cells (HUVEC) were purchased from Fisher Scientific (Pittsburg, PA) and cultured in Endothelial Cell Growth Medium containing supplement reagents (R&D Systems Inc., Minneapolis, MN). The cells were incubated in a humidified atmosphere at 37°C with 5% CO~2~.

Synthesis of the poly\[*bis*(Lys-PEI)Glut-PEG\] Copolymer (PLEGP)
-----------------------------------------------------------------

The synthetic reaction scheme is presented in Figure [1](#F1){ref-type="fig"}A. Poly\[*bis*(ε-Lys)Glut-PEG\] was synthesized as we described before [@B32], and 50 mg of the polymer was dissolved in dimethylformamide (DMF) with 75 mg of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 75 µl of Triethylamine (TEA). PEI~600~, PEI~1800~ and PEI~10k~ were added to the solution at different polymer:PEI molar ratios (1:1, 1:10, and 1:20). The mixture was stirred at room temperature for 24 h with N~2~ protection, and the polymers PLEGP~600~, PLEGP~1800~ and PLEGP~10k~ were precipitated by adding cold diethyl ether and dialyzed for 24 h (MWCO: 14kDa). Structures of the polymers were confirmed by ^1^H-NMR (Figure [S1](#SM0){ref-type="supplementary-material"}).

Fabrication and Characterization of the siRNA/PLEGP Nanocomplexes
-----------------------------------------------------------------

PLEGPs were mixed with 20 μM VEGF siRNA (sequence: 5\'-GCUACUGCCAUCCAAUCGAtt-3\') in different siRNA:PLEGP w/w ratios (1:1, 1:5, 1:10, and 1:20 ) at room temperature for 30 min, and then diluted to 100 nM with PBS and Opti-MEM for characterization and transfection, respectively. The siRNA/PLEGP ratio was optimized using a gel retardation assay with a 2% agarose gel as previously reported [@B31]. Particle size and zeta potential of the siRNA/PLEGP nanocomplexes were determined using a Malvern Zetasizer Nano-ZS (Malvern Instruments, MA) in 100 mM HEPES buffer (pH 7.4). Morphology of the nanocomplexes was studied using a CM12 Transmission Electron Microscope (TEM) (Philips, Germany).

2,4,6-Trinitrobenzene Sulfonic Acid (TNBS) Assay
------------------------------------------------

Substitution efficiency of the primary amines by PEI in PLEGPs was determined with a TNBS assay. Briefly, PLEGP~600~, PLEGP~1800~ and PLEGP~10k~ synthesized at a polymer/PEI molar ratio 1:10 were added to 96-well plates at a concentration of 1mg/mL and incubated with TNBS buffer at 37°C for 2 h. After adding 10% sodium dodecyl sulfonate buffer and 1N hydrochloric acid, absorbance of the samples was measured at 335 nm using a Spectramax 190 microplate spectrophotometer (Molecular Devices, CA). A series of concentrations of PEI~600~, PEI~1800~ and PEI~10k~ were added as described above to generate standard curves.

Serum Stability Assay
---------------------

VEGF siRNAs were incubated with PLEGPs at a ratio of 1:10 (w/w) to form siRNA/PLEGP nanocomplexes and then incubated with 50% rat serum at 37°C for various time intervals. siRNAs in the nanocomplexes were then released by incubation with 40 μM heparin, electrophoresed in 10% native polyacrylamide gel electrophoresis (PAGE) gel, and visualized with GelRed^TM^ staining.

*In Vitro* Cytotoxicity Study
-----------------------------

Cytotoxicity of the siRNA/PLEGP nanocomplexes was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, 1×10^4^ HeLa, MDA-MB-231 and MCF-10A cells were seeded in 96-well plates and incubated at 37°C overnight. PLEGP~600~, PLEGP~1800~ and PLEGP~10k~ were mixed with scrambled siRNAs to form nanocomplexes, diluted in DMEM medium containing 10% FBS with a final siRNA concentration of 100 nM, and incubated with the cells for 24 and 48 h. MTT assays were then performed to measure the cytotoxicity of the nanocomplexes as described before [@B31].

Cellular Uptake Study
---------------------

HeLa and MDA-MB-231 cells (1×10^5^) were seeded in 24-well plates and incubated at 37°C overnight. 5\' ends of the VEGF siRNA antisense strands were labeled with Cy5. The cells were transfected with Cy5-siRNA/PLEGP nanocomplexes at an siRNA concentration of 100 nM in Opti-MEM for 6 h. The cells were then washed with 40 μM heparin to remove non-specifically bound nanocomplexes and then subjected to fluorescence analysis with a FACS II flow cytometer (BD instrument, NJ) as described before [@B31]. Cellular uptake of nanocomplex was also evaluated using confocal microscope. Co-localization of Cy5-siRNA and lysosome were analyzed as the Pearson\'s correlation coefficient using ImageJ as previously reported [@B33].

Three-Dimensional (3D) Spheroid Penetration Study
-------------------------------------------------

3D spheroids were prepared using Spheroid Formation ECM as per the company\'s protocol (Amsbio, Cambridge, MA). Three thousand MDA-MB-231 cells were suspended in 50 µL Spheroid Formation ECM, added into a Corning™ 96-well Ultra-low attachment microplate (Pittsburgh, PA), centrifuged at 200 g for 3 min at 4°C, and incubated at 37°C for 120 h to form spheroids. The spheroids were incubated with the Cy5-siRNA/PLEGP nanocomplexes diluted in Opti-MEM medium at 37°C for 6 h, washed with PBS, and fixed in 10% paraformaldehyde. Penetration of the Cy5-siRNA inside the spheroids were analyzed using confocal microscopy (Leica TCS SP5, Germany).

Transfection Study of the Luciferase siRNA/PLEGP Nanocomplex
------------------------------------------------------------

Approximately 5×10^3^ HeLa cells were seeded into each well of a black well, clear bottom plate and incubated at 37°C overnight. Sixty nanograms of Luciferase-pcDNA3 plasmid (Addgene, MA) and 30 ng pMCS-Green Renilla Luc plasmid (ThermoFisher, CA) were mixed with 0.2 μL of Lipofectamine^®^ 2000 (ThermoFisher, CA) in 100 μL of Opti-MEM and incubated at 37°C for 6 h for the first step transfection. Firefly luciferase siRNAs (5\'-CUUACGCUGAGUACUUCGAtt-3\') or scrambled siRNAs were mixed with PLEGP to form nanocomplexes as mentioned above, diluted in Opti-MEM, and incubated with the cells at 37°C for 6 h in the second-step transfection. Next, the medium was replaced with DMEM containing 10% FBS and incubated for another 42 h. Silencing activity of the luciferase siRNA/PLEGP nanocomplex was quantitated using a Dual-Luciferase® Reporter Assay kit (Promega, WI). For each siRNA, the ratios of Firefly to Renilla luciferase activity were normalized to the cells treated with scrambled siRNA and presented as the percentage mean ± SD.

Silencing Activity of the VEGF siRNA/PLEGP Nanocomplexes
--------------------------------------------------------

Silencing activity of the VEGF siRNA/PLEGP nanocomplexes at the protein level was measured using an ELISA kit. Approximately 1×10^5^ MDA-MB-231 cells were seeded in each well of a 24-well plate and incubated at 37°C overnight. The VEGF siRNA/PLEGP nanocomplexes were prepared as described above at a 100 nM final concentration, transfected into cells, and incubated for 24 h. The medium was replaced with DMEM complete medium and incubated for 24 h at 37°C. Lipofectamine^®^ 2000 was used as a control. After transfection, the media were collected, and the protein levels of VEGF were quantified using a DueSet Human VEGF ELISA kit.

Migration and Invasion Assays
-----------------------------

Migration and invasion assays were performed as we described before [@B19]. For the invasion assay, 50 μg of Matrigel were coated on the top of a transwell chamber. MDA-MB-231 cells were treated with the VEGF siRNA/PLEGP~1800~ nanocomplex as described above. Forty-eight hours after transfection, the cells were detached, re-suspended in DMEM supplemented with 0.5% FBS, and transferred to transwell chambers at a density of 5×10^4^ cells/well. After 6 h for the migration assay and 24 h for the invasion assay, cells in the lower chamber were fixed with 10% paraformaldehyde, stained with 0.05% crystal violet, and counted under a microscope. Quantitative analysis was performed by counting the cells on the bottom of the membrane in six random microscope fields from three independent samples. The number of migrated and invaded cells were normalized to the cells treated with scrambled siRNA and presented as the percentage mean ± SD.

3D Tumor Spheroid Invasion Study
--------------------------------

3D spheroids of MDA-MB-231 cells were prepared as described above, and the spheroid invasion assay was performed as per the company\'s protocol (Amsbio, Cambridge, MA). Seventy-two hours after the formation of spheroids, 50 µL of invasion matrix (Amsbio, Cambridge, MA) was added to the wells, and the plate was centrifuged at 300 g for 4 min at 4°C, followed by incubation at 37°C for 60 min to induce gel formation. The spheroids were then incubated with the VEGF siRNA/PLEGP~1800~ nanocomplex diluted in Opti-MEM at 37°C for 24 h, followed by replacing the medium with DMEM supplemented with 10% FBS and incubation for up to 3 days. The spheroids in each well were photographed every 24 h at 40x magnification, and invasion of the 3D spheroids was analyzed using ImageJ. The spheroid areas of each group were normalized to the spheroid area of the group at day 1 and presented as the percentage mean ± SD.

Cells Proliferation Assay
-------------------------

Five thousand MDA-MB-231 cells were plated each well into a black well, clear bottom 96-well plate and incubated at 37°C overnight. After washing with PBS, the cells were incubated with the VEGF siRNA/PLEGP~1800~ nanocomplex diluted in Opti-MEM at 37°C for 48 or 72 h. One hundred microliters of CellTiter-Glo buffer (Promega, WI) was then added into the plate, and luminescent intensity was measured using a Spectramax M5e spectrophotometer (San Jose, CA).

For HUVEC proliferation assay, 5×10^3^ HUVEC cells were plated each well into a 96-well plate and incubated with Endothelial Cell Growth Medium at 37°C overnight. After washing with PBS, the cells were cultured in DMEM medium containing 10% (v/v) culture medium derived from siRNA/PLEGP~1800~-treated MDA-MB-231 cells for 24 h. Cell proliferation was evaluated by determining the luminescent intensity as described above.

Endothelial Cell Tube Formation Assay
-------------------------------------

A 24-well plate was coated with 500 µl of 1:1 (v/v) diluted matrigel in Endothelial Cell Growth Medium for 60 min at 37°C [@B34]. HUVEC cells were suspended with culture medium derived from siRNA/PLEGP~1800~-treated MDA-MB-231 cells and added into the matrigel-coated plate at a density of 5×10^4^ cells/well. Tube formation was evaluated after 24 h incubation and counted under a microscope at 40x magnification.

Biodistribution, *in Vivo* Pharmacokinetics and Anti-tumor Activity Study
-------------------------------------------------------------------------

The animal protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Missouri-Kansas City. Approximately 5×10^5^ MDA-MB-231 cells were implanted into the right mammary gland of female nude mice to generate an orthotopic model of TNBC as described [@B35]. For biodistribution study, six mice were randomly divided into two groups and intravenously injected with Cy5-labeled siRNA or Cy5-siRNA/PLEGP~1800~ nanocomplex at a siRNA dose of 0.1 mg/kg [@B31]. After 24 h, the mice were euthanized, and major organs (liver, tumor, lung, spleen, kidney, muscle of the foreleg, and heart) were harvested for fluorescence imaging using a Bruker MS FX PRO imaging system (Billerica, CA). For the anti-tumor activity study, tumor-bearing mice were randomly divided into three groups and intravenously injected with VEGF siRNA/PLEGP~1800~, scrambled siRNA/PLEGP~1800~ and saline. The injections were performed every 4 days for 4 times with a dose of 1.5 mg siRNA/kg [@B36]. Tumor volumes were calculated using the formula V= longest diameter × shortest diameter^2^/2.

VEGF protein expressions in tumor tissues were measured using a VEGF ELISA kit, as previously reported [@B37]. Briefly, tumor tissues were homogenized in RIPA buffer and centrifuged at 13,000 g for 10 min to remove the precipitate. After determining the total protein concentration using a BCA protein assay kit (ThermoFisher, CA), the concentrations of VEGF protein in tumor tissues were determined using the VEGF ELISA kit and presented as VEGF (%) compared with the saline treatment group. Western blot was also performed to confirm the silencing activity of the VEGF siRNA using a VEGF antibody (ThermoFisher, CA).

Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) assays (Sigma-Aldrich, MO) were performed to evaluate hepatotoxicity of the siRNA/PLEGP~1800~ nanocomplex. Immunohistochemical analysis was performed to determine the microvessel density in tumor tissues using a mouse anti-human CD31 antibody (ThermoFisher, CA). Hematoxylin and Eosin (H&E) staining was also performed on tumor, liver, kidney and lung tissue sections to evaluate the *in vivo* cytotoxicity as previously reported [@B38].

For pharmacokinetic study, six BALA/c mice were randomly divided into two groups and intravenously injected with siRNA or siRNA/PLEGP~1800~ nanocomplex at a siRNA dose of 1.5 mg/kg, which contains 10% Cy5-labeled siRNA. At various time points (5 min, 10 min, 30 min, 1 h, 2 h, 4 h, 6 h, 24 h and 48 h) after injection, 10 µL blood was collected from tail vein and dissolved in 200 µL lysis buffer as describe before[@B39]. The Cy5 fluorescence intensity were measured using a Bruker MS FX PRO imaging system, and the area under curve (AUC) was calculated.

Statistical analysis
--------------------

Data are presented as the mean ± standard deviation (SD). Statistical analysis was performed using a two-way analysis of variance (ANOVA) with Tukey\'s post hoc test). *P*\<0.05 was considered statically significant.

Results
=======

Fabrication and Characterization of siRNA/PLEGP Nanocomplexes
-------------------------------------------------------------

The 1H NMR spectra of the PLEGP polymers were presented in Figure [S1](#SM0){ref-type="supplementary-material"}, and fabrication of the siRNA/PLEGP nanocomplexes is illustrated in Figure [1](#F1){ref-type="fig"}. For each of the LMW-PEI, PLEGP was synthesized at three different polymer/PEI molar ratios (1:1, 1:10, and 1:20). PLEGPs were then condensed with siRNAs at different PLEGP/siRNA weight ratios of 1:1, 5:1, 10:1, and 20:1. As shown in Figure [2](#F2){ref-type="fig"}A, condensation between siRNAs and PLEGPs increases with the PLEGP/siRNA ratio as well as the molecular weight of PEI. For example, when PLEGPs were synthesized at the polymer/PEI molar ratio of 1:1, PLEGP~600~, PLEGP~1800~, and PLEGP~10k~ efficiently condensed the siRNA at a PLEGP/siRNA weight ratio of 10:1, 5:1, and 1:1, respectively. PEI with high molecular weight has high charge density and therefore can efficiently condense siRNAs. For the same PEI, the condensation capability of PLEGP is correlated with the polymer/PEI ratio during synthesis. More PEI molecules were grafted to the polymer backbone at high polymer/PEI ratios, thus increasing its charge density and subsequently enhancing its condensation capability with siRNAs. Zeta potential results in Figure [2](#F2){ref-type="fig"}B were consistent with the gel retardation results in Figure [2](#F2){ref-type="fig"}A. Zeta potentials of PLEGP~600~, PLEGP~1800~ and PLEGP~10k~ were performed in Figure [S2](#SM0){ref-type="supplementary-material"}.

Cytotoxicity of PEI is the major hurdle in its therapeutic applications. Therefore, we aim to optimize the polymer/PEI ratio to condense siRNAs into nanocomplexes using the least amount of PEI, thus reducing the potential cytotoxicity associated with PEI. As shown in Figure [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B, the polymer/PEI molar ratio at 1:10 and 1:20 showed similar condensation capability, we decided to use the 1:10 ratio for future studies to minimize the amount of PEI in the siRNA nanocomplex. Based on gel retardation assay and zeta potential analysis, we selected PLEGPs synthesized with the polymer/PEI molar ratio of 1:10 for the following studies. A TNBS assay was performed to determine the grafting efficiency of PEI on the polymer. As shown in Table [1](#T1){ref-type="table"}, the percentage of the amine groups that were grafted with PEI~600~, PEI~1800~, and PEI~10k~ was 57.7%, 49.3%, and 16.2%, respectively. The grafting efficiency is inversely proportional with the molecular weight of PEI, suggesting that steric hindrance is the determining factor in the grafting efficiency of PEI. Molecular weight of Poly\[*bis*(ε-Lys)Glut-PEG\] was determined using gel permeation chromatography as we reported before [@B32], and molecular weight of PLEGP was calculated based on the grafting efficiency of PEI to the polymer.

We selected the PLEGP/siRNA weight ratio of 10:1 to ensure that all three PLEGPs can efficiently form stable siRNA/PLEGP nanocomplexes. Particle size of the siRNA/PLEGP~600~, siRNA/PLEGP~1800~, and siRNA/PLEGP~10k~ nanocomplexes was 267, 208 and 183 nm, respectively. Polydispersity index (PDI) of the siRNA/PLEGP~600~, siRNA/PLEGP~1800~, and siRNA/PLEGP~10k~ nanocomplexes was 0.263, 0.185 and 0.181, respectively, suggesting a narrow size distribution of the nanocomplexes. Morphology of the nanocomplexes was studied with TEM (Figure [2](#F2){ref-type="fig"}C), and the result is consistent with particle size analysis.

Serum Stability
---------------

Poor stability of siRNAs in the serum is one of the major hurdles in delivering siRNAs to target tissues *in vivo*. We thus sought to evaluate the stability of the siRNA/PLEGP nanocomplexes in 50% rat serum. As shown in Figure [3](#F3){ref-type="fig"}A, all the three nanocomplexes protected the siRNA from serum degradation for at least 24 h. The siRNA/PLEGP~600~ nanocomplex exhibited some degree of degradation after 36 h incubation in the serum. By contrast, both siRNA/PLEGP~1800~ and siRNA/PLEGP~10k~ nanocomplexes protected the siRNA in the serum for up to 36 h.

Cytotoxicity Study
------------------

Cytotoxicity of HMW-PEIs is the major limitation for their therapeutic applications. We, therefore, used LMW-PEIs in this study to efficiently deliver siRNAs without inducing cytotoxicity. As shown in Figure [3](#F3){ref-type="fig"}B, PLEGP~600~ did not induce any cytotoxicity in HeLa cells after transfection for 24 and 48 hr. PLEGP~1800~ showed somewhat toxicity in HeLa cells only after transfection for 48 h. By contrast, PLEGP~10k~ and Lipofectamine^®^ 2000 exhibited high toxicity at 24 and 48 h post-transfection. While the toxicity of Lipofectamine^®^ 2000 is well documented, the toxicity of PLEGP~10k~ is mainly due to the relatively high molecular weight of the grafted PEI. Similar results were also observed in MDA-MB-231 cells in Figure [3](#F3){ref-type="fig"}C and MCF-10A cells in Figure [3](#F3){ref-type="fig"}D.

Cellular Uptake Study
---------------------

We next evaluated cellular uptake of the siRNA/PLEGP nanocomplexes in HeLa (Figure [4](#F4){ref-type="fig"}A and C) and MDA-MB-231 (Figure [4](#F4){ref-type="fig"}B and D) cells using flow cytometry and confocal microscopy. Cellular uptake of the siRNA/PLEGP nanocomplexes is strongly correlated with the molecular weight of PEI in the polymer. PLEGP~10k~ exhibited much higher cellular uptake than Lipofectamine^®^ 2000 in HeLa and MDA-MB-231 cells. By contrast, PLEGP~600~ showed the lowest uptake in the cells, suggesting that PLEGP~600~ may not be a good candidate for siRNA delivery regardless of its safety.

Subsequently, we used confocal microscopy to study intracellular distribution of the siRNA/PLEGP nanocomplexes in HeLa (Figure [4](#F4){ref-type="fig"}C) and MDA-MB-231 (Figure [4](#F4){ref-type="fig"}D) cells. The results are consistent with the data from flow cytometry analysis. The siRNA/PLEGP~1800~ nanocomplex showed similar cellular uptake as Lipofectamine^®^ 2000, and the siRNA/PLEGP~10k~ nanocomplex exhibited the highest cellular uptake in both HeLa and MDA-MB-231 cells. Moreover, in contrast to the Lipofectamine^®^ 2000 group, which displayed substantial overlap between Cy5-labeled siRNAs and LysoTracker in HeLa (Figure [4](#F4){ref-type="fig"}E) and MDA-MB-231 (Figure [4](#F4){ref-type="fig"}F), cells treated with the siRNA/PLEGP nanocomplexes exhibited minimal entrapment in lysosomes, indicating that PLEGP can efficiently release siRNAs into the cytoplasm through the distinctive endosome escape capability of PEI.

3D Spheroid Penetration Study
-----------------------------

Tumor penetration is another challenge for cancer therapeutics including siRNAs. We, therefore, investigated the penetration capability of the siRNA/PLEGP nanocomplexes in a 3D spheroid model. MDA-MB-231 spheroids with a diameter of approximately 500 µm were generated to mimic the tumor microenvironment [@B40], [@B41]. After 6 h incubation with MDA-MB-231 spheroids, the Cy5-siRNA/PLEGP~10k~ nanocomplex exhibited the deepest penetration and the highest fluorescence intensity in the center of the spheroids (Figure [5](#F5){ref-type="fig"}A). The Cy5-siRNA/PLEGP~600~ nanocomplex was mainly observed in the peripheral areas of the spheroids, with much weaker fluorescence intensity, indicating its limited penetration capability. As shown in Figure [5](#F5){ref-type="fig"}A, the Cy5-siRNA/PLEGP~1800~ nanocomplex also penetrated into the core of the spheroids, and the fluorescence intensity was approximately 63% of the Cy5-siRNA/PLEGP~10k~ nanocomplex (Figure [5](#F5){ref-type="fig"}B).

Transfection Efficiency of the Luciferase siRNA/PLEGP Nanocomplex in HeLa Cells
-------------------------------------------------------------------------------

Transfection efficiency of the siRNA/PLEGP nanocomplexes was first evaluated in HeLa cell line, which has been widely used in transfection studies because of its high transfection efficiency [@B42]. First, luciferase and renilla plasmids were co-transfected into HeLa cells, followed by transfecting the cells with the luciferase siRNA/PLEGP nanocomplexes. As shown in Figure [5](#F5){ref-type="fig"}C, 85% of the expression of the luciferase plasmid was silenced by the luciferase siRNA/PLEGP~10k~ nanocomplex, followed by 71% for PLEGP~1800~ and only 36% for PLEGP~600~. The positive control Lipofectamine^®^ 2000 displayed a 77% silencing efficiency in HeLa cells.

Silencing Activity of VEGF siRNA/PLEGP Nanocomplexes in TNBC cells
------------------------------------------------------------------

We next examined the silencing activity of VEGF siRNA/PLEGP nanocomplexes in MDA-MB-231 cells. The results illustrated in Figure [5](#F5){ref-type="fig"}D are consistent with the cellular uptake results in MDA-MB-231 cells (Figure [4](#F4){ref-type="fig"}) and the transfection study using HeLa cells (Figure [5](#F5){ref-type="fig"}C). The VEGF siRNA/PLEGP~10k~ nanocomplex exhibited 88% silencing activity of VEGF, which is the highest among all the three siRNA/PLEGP nanocomplexes. The VEGF siRNA/PLEGP~1800~ nanocomplex displayed 72% silencing activity, a lower value than the VEGF siRNA/PLEGP~10k~ nanocomplex and VEGF siRNA/Lipofectamine (84%), but the value is much higher than the VEGF siRNA/PLEGP~600~ nanocomplex, which exhibits approximately 39% silencing activity.

Among the three PLEGP polymers, PLEGP~10k~ showed the highest cellular uptake, highest tumor penetration, highest silencing activity, but also the highest cytotoxicity. By contrast, PLEGP~1800~ exhibited reasonably high cellular uptake, tumor penetration, and silencing activity without inducing significant cytotoxicity. We therefore selected PLEGP~1800~ as a safe and highly efficient polymer for the following *in vitro* and *in vivo* activity studies of the VEGF siRNA.

Migration and Invasion Assays
-----------------------------

It was reported that autocrine VEGF stimulates the migration and invasion of breast cancer cells [@B43]. Thus, we sought to examine whether the VEGF siRNA/PLEGP~1800~ nanocomplex inhibits the migration and invasion of MDA-MB-231 cells. Compared with scrambled siRNA/ PLEGP~1800~ nanocomplex, the VEGF siRNA/PLEGP~1800~ nanocomplex inhibited approximately 64% of the migration (Figure [6](#F6){ref-type="fig"}A and B) and 67% of the invasion (Figure [6](#F6){ref-type="fig"}C and D) of MDA-MB-231 cells.

We also investigated the inhibitory effect of the VEGF siRNA/PLEGP~1800~ nanocomplex on the invasion of MDA-MB-231 cells in a 3D spheroid model, which mimics the tumor microenvironment (Figure [6](#F6){ref-type="fig"}E). The spheroids-treated with the scrambled siRNA spread with a typical "starburst" invasion pattern [@B44]. By contrast, the spheroids-treated with the VEGF siRNA displayed a dramatically retracted invasion with a 39% inhibition of invasion after 24 h and 58% inhibition after 48 h (Figure [6](#F6){ref-type="fig"}F). Based on these results, the VEGF siRNA/PLEGP~1800~ nanocomplex safely and efficiently delivered the siRNA into TNBC cells and exerted the anti-metastatic activity in the cells.

Cells Proliferation Study
-------------------------

We previously reported that VEGF siRNA significantly inhibited the proliferation of HER2+ breast cancer cells [@B19]. Herein, we treated MDA-MB-231 cells with the VEGF siRNA/PLEGP~1800~ nanocomplex for 48 h and 72 h and performed a cell proliferation study using the CellTiter-Glo luminescent cell viability assay (Figure [7](#F7){ref-type="fig"}A). The VEGF siRNA/PLEGP~1800~ nanocomplex-treated group exhibited a lower proliferation rate (73.1% for 48 h and 67.0% for 72 h) than the scrambled siRNA/PLEGP~1800~-treated group.

We then determined the proliferation of HUVECs in the presence of cell culture medium derived from VEGF siRNA/PLEGP~1800~ nanocomplex-treated MDA-MB-231 cells. As illustrated in Figure [7](#F7){ref-type="fig"}B & C, the cell proliferation rate of HUVEC was stimulated by incubation with MDA-MB-231 cells\' culture medium, showing a 2.5-fold increase relative to control cells at 24 h and a 6.5-fold increase at 48 h. This result demonstrated that MDA-MB-231 cells secreted a significant amount of VEGF during culturing. Meanwhile, the VEGF siRNA/PLEGP~1800~ nanocomplex-treated group had a much lower HUVEC cell proliferation rate (63.5% for 24 h and 60.0% for 48 h) than the scrambled siRNA/PLEGP~1800~ nanocomplex-treated group, which indicates that silencing VEGF expression in TNBC cells can inhibit vascular endothelial cell proliferation in the tumor microenvironment.

*In Vitro* HUVEC Tube Formation
-------------------------------

VEGF plays an important role in endothelial tube formation during tumor growth by positively regulating angiogenesis [@B17]. After demonstrating the inhibitory effect of the VEGF siRNA/PLEGP~1800~ nanocomplex on the proliferation of vascular endothelial cells HUVECs, we next sought to study the role of VEGF siRNA/PLEGP~1800~ nanocomplex in HUVEC tube formation. Similar to the proliferation study, HUVECs were seeded on a matrigel pre-coated 24-well plate and cultured for 24 h in the medium derived from MDA-MB-231 cells that were treated with the siRNA/PLEGP~1800~ nanocomplex. Tube formation of HUVECs was promoted by the medium derived from the scrambled siRNA-treated MDA-MB-231 cells, suggesting that MDA-MB-231 cells secret significant amount of VEGF into the medium. Accordingly, the stimulation was dramatically hampered in HUVECs treated with the medium derived from the VEGF siRNA-treated MDA-MB-231 cells (Figure [7](#F7){ref-type="fig"}D), suggesting that silencing VEGF expression in TNBC cells using the VEGF siRNA/PLEGP~1800~ nanocomplex can diminish the function of vascular endothelial cells.

*In Vivo* Biodistribution, Pharmacokinetic and Anti-Tumor Activity Study
------------------------------------------------------------------------

Nanoscale particles can accumulate in primary and metastatic tumors by the enhanced permeability and retention (EPR) effect [@B45]. Cy5-labeled VEGF siRNAs were encapsulated in the siRNA/PLEGP nanocomplex for the biodistribution study. The mean fluorescence intensity of each organ was measured and presented as a ratio compared to the mean fluorescence intensity in the heart (Figure [8](#F8){ref-type="fig"}A & B). After systematic administration, free siRNAs are mainly degraded in the serum and eliminated from the kidney due to their small molecular weight. Thus, 24 h after administration via tail vein, the free Cy5-siRNA only showed negligible accumulation in tumors and other major organs. By contrast, the Cy5-siRNA/PLEGP~1800~ nanocomplex stayed in the circulation for a prolonged time and accumulated more in the tumor by the EPR effect. Interestingly, the Cy5-siRNA/PLEGP~1800~ nanocomplex also showed a high accumulation in the kidney, which may be caused by the positive charge on the surface of the glomerular basement membrane [@B46].

Pharmacokinetic profiles of free siRNA and the siRNA nanocomplex were evaluated in mice (Figure [S3](#SM0){ref-type="supplementary-material"}). The concentration of free siRNA in the blood decreased to 24.4% after 10 min, and the concentration was not detectable after 2 h. In contrast, the PLEGP~1800~ nanocomplex prolonged the circulation of encapsulated siRNA to more than 24 h. The AUCs for free siRNA and siRNA/PLEGP~1800~ nanocomplex were 543.7 min•µg/ml and 4609.2 min•µg/ml, respectively.

Anti-tumor activity of the VEGF siRNA/PLEGP~1800~ nanocomplex was evaluated in an orthotopic nude mouse model implanted with MDA-MB-231 cells. As illustrated in Figure [8](#F8){ref-type="fig"}C and [8](#F8){ref-type="fig"}D, the VEGF siRNA/PLEGP~1800~ nanocomplex significantly inhibited tumor growth, while the scrambled siRNA/PLEGP~1800~ nanocomplex did not show any antitumor effect against tumor growth. VEGF expression in tumors was also determined using an ELISA kit (Figure [8](#F8){ref-type="fig"}E) and western blot (Figure [S4](#SM0){ref-type="supplementary-material"}). The VEGF siRNA/PLEGP~1800~ nanocomplex-treated group showed significantly lower VEGF expression, demonstrating that the VEGF siRNA efficiently silenced the expression of VEGF in the tumor. The lower level of VEGF expression in tumors was consistent with the reduced CD31 expression in tumor tissues (Figure [8](#F8){ref-type="fig"}H, S5), suggesting that inhibition of VEGF leads to impaired angiogenesis signals from TNBC cells to vascular endothelial cells in the tumor microenvironment. Meanwhile, no significant hepatotoxicity (ALT & AST) was observed in the mice treated with the siRNA/PLEGP~1800~ nanocomplex (Figure [8](#F8){ref-type="fig"}F, G). This is in agreement with H&E staining of the major organs, including the liver, kidney and lung, in which no distinct morphology changes were observed.

Discussion
==========

PEIs with high molecular weights (10 to 30 kDa) have been widely used as efficient transfection agents for nucleic acids, but high cytotoxicity largely limits their therapeutic applications [@B29]. The toxicity of HMW PEIs is mainly due to membrane destabilization caused by binding to plasma membrane proteoglycans and mitochondria-mediated apoptosis [@B47]. LMW PEIs with molecular weights less than 2kDa are nontoxic *in vivo* even at high concentrations. However, they cannot efficiently condense and deliver siRNAs to target cells. One solution is to use biodegradable polymers to modify LMW PEIs to increase their condensation capability with siRNAs and subsequently enhance the siRNA delivery efficiency [@B29], [@B30], [@B48]. Compared with linear PEIs, branched PEIs have a higher amine density and are increasingly being used to synthesize PEI-grafted polymers with a longer half-life and lower toxicity [@B49].

In the present study, a biodegradable multiblock copolymer was synthesized and grafted to LMW PEIs for siRNA delivery. The novelty of the polymer lies in the fact that the monomer backbone is composed of lysine, a natural amino acid, and glutaric acid, a natural metabolite of lysine and tryptophan in the body. Therefore, the polymer is fully biocompatible and can be completely degraded in the body. In addition, grafting of LMW PEIs to the polymer increases the charge density of PEIs, leading to the use of less amount of PEI to condense siRNAs. A small PEG (3.4 kDa) is also incorporated in the monomer to increase the space within the monomer so that PEI can be efficiently grafted. As shown in Table [1](#T1){ref-type="table"}, steric hindrance is the determining factor in the grafting efficiency of the copolymer. Another function of PEG is to form hydrophilic shell (Figure [1](#F1){ref-type="fig"}) on the surface of the siRNA nanocomplex to reduce its nonspecific binding with serum proteins and prolong its circulation time in the body.

As illustrated in Figure [1](#F1){ref-type="fig"}, we synthesized three PLEGPs grafted with branched PEIs with different molecular weights (600, 1800, and 10K Da). Regardless of the PEI\'s molecular weight, PLEGPs efficiently condensed siRNAs into nanoscale particles with a narrow size distribution (Figure [2](#F2){ref-type="fig"}), suggesting that grafting of LMW PEIs to the polymer dramatically enhance PEIs\' condensation capability. Meanwhile, condensation capability of PLEGPs is correlated with the grafting efficiency and the molecular weight of the PEIs (Figure [2](#F2){ref-type="fig"}), suggesting that PEI in the copolymer is the essential part for siRNA condensation. Similarly, PLEGPs\' cellular uptake, cytotoxicity, and tumor penetration are strongly correlated with the molecular weight of PEI (Figures [3](#F3){ref-type="fig"}, 4, and 5). While PEIs with high molecular weight exhibited higher cellular uptake and tumor penetration, their cytotoxicity was also higher. PLEGP~1800~ exhibits similar cellular uptake as Lipofectamine^®^ 2000 but with a much lower cytotoxicity. We subsequently selected PLEGP~1800~ as the candidate for the activity studies because of its low cytotoxicity as well as a reasonably high cellular uptake and tumor penetration.

Unlike the monolayer two-dimensional cell culture system, the 3D spheroid model mimics the complex cell-cell and cell-ECM complexity interactions in the tumor microenvironment [@B50], [@B51]. Despite accumulation in the tumor microenvironment by the EPR effect, polymeric nanoparticles have poor penetration into the tumors, which limit their therapeutic potential in cancer therapy. One solution is to modify the nanoparticles with PEG to improve the penetration efficiency by blocking nonspecific interaction with proteins and tumor cells in the tumor microenvironment [@B52], [@B53]. In our study (Figure [5](#F5){ref-type="fig"}), MDA-MB-231 spheroids with a diameter of approximately 500 µm were prepared to mimic the *in vivo* tumor microenvironment and determine the penetration ability of the VEGF siRNA/PLEGP nanocomplex [@B40], [@B41]. All the three PLEGP nanocomplexes demonstrated efficient tumor penetration in a 3D spheroid model. At the same time, the penetration efficiency of PLEGP~1800~ and PLEGP~10k~ were much higher than that of PLEGP~600~. This could be due to the relatively smaller particle size (Figure [2](#F2){ref-type="fig"}) and higher transfection efficiency (Figure [4](#F4){ref-type="fig"}) of the PLEGP~1800~ and PLEGP~10k~ nanocomplexes. This is in accordance with another study showing the similar correlation between tumor penetration and cellular transfection efficiency [@B54].

VEGF is highly expressed in the tumors of TNBC patients. The expression of VEGF in TNBC cells is 3 times higher than ER/PR+ subtypes and 1.5 times higher than HER2+ subtypes. VEGF regulates the proliferation and survival of TNBC cells through an autocrine signaling pathway [@B8]-[@B11]. For example, Bachelder and colleagues found that the survival of three different TNBC cells is dependent on the VEGF autocrine signaling pathway, and silencing VEGF with an antisense oligodeoxynucleotide induces apoptosis of the cells [@B55]. Similarly, silencing VEGF with siRNA also inhibits the proliferation and induces apoptosis of various breast cancer cells *in vitro* and *in vivo* [@B56]-[@B59]. In accordance with these findings, the VEGF siRNA/PLEGP~1800~ nanocomplex significantly inhibited the proliferation of TNBC MDA-MB-231 cells (Figure [7](#F7){ref-type="fig"}). Moreover, the nanocomplex suppressed tumor growth in an orthotopic TNBC mouse model (Figure [8](#F8){ref-type="fig"}).

Metastasis is responsible for more than 90% of cancer-related mortality and is also the main cause of treatment failure of TNBC patients [@B60], [@B61]. Compared to other types of breast cancer, TNBC has similar local recurrence rate but dramatically higher rate of distant recurrence, indicating a high metastasis rate of TNBC [@B62]. VEGF not only induces angiogenesis in the tumor microenvironment but also promotes the invasion of TNBC cells by regulating chemokine receptor type 4 (CXCR4) signaling pathway in an autocrine manner [@B43]. Downregulation of VEGF in the TNBC microenvironment therefore inhibits tumor cell invasion [@B43]. In the present study, the siRNA/PLEGP~1800~ nanocomplex significantly silences VEGF expression and subsequently inhibits the migration and invasion of TNBC cells (Figure [6](#F6){ref-type="fig"}).

Another protumor activity of VEGF is to promote angiogenesis endothelial cells in the tumor microenvironment [@B17]. Blocking the interaction between tumor-secreted VEGF and VEGFR2 on the surface of endothelial cells utilizing anti-VEGF or anti-VEGFR2 antibodies has shown inhibitory effect on the proliferation, migration, survival and adhesion of endothelial cells [@B63]-[@B66]. After transfection with the VEGF siRNA/PLEGP~1800~ nanocomplex, VEGF secreted by MDA-MB-231 cells was reduced by 72% compared to the control group (Figure [5](#F5){ref-type="fig"}D). Compared to the cell culture medium derived from MDA-MB-231 cells, the medium derived from the nanocomplex-treated MDA-MB-231 showed less stimulation of the proliferation and tube formation of HUVECs (Figure [7](#F7){ref-type="fig"}B, 7C, and 7D). Accordingly, lower levels of VEGF and CD31 were observed in tumor tissues from the mice treated with the VEGF siRNA/PLEGP~1800~ nanocomplex (Figure [8](#F8){ref-type="fig"}F), demonstrating that inhibition of VEGF expression by the VEGF siRNA/PLEGP~1800~ nanocomplex leads to impaired angiogenesis in the tumor microenvironment *in vivo*.

In summary, we have developed a LMW PEI-grafted biocompatible copolymer to deliver the VEGF siRNA for TNBC therapy. The copolymer is biodegradable and composed of lysine and glutaric acid, which is a natural metabolite of amino acids in the body. The copolymer PLEGP~1800~ can easily form stable nanocomplexes with siRNAs and protect them from serum degradation. The siRNA/PLEGP~1800~ nanocomplex exhibited negligible cytotoxicity but showed high cellular uptake, high transfection efficiency, and high tumor penetration. The nanocomplex also demonstrated promising anti-tumor activities *in vitro* and *in vivo* in an orthotopic TNBC mouse model. To our knowledge, this is the first report showing antitumor activity of VEGF siRNA in an orthotopic TNBC mouse model after systematic administration. Taken together, our evidences suggest that PLEGP~1800~ is a safe and efficient polymer to deliver siRNAs for TNBC therapy. It could potentially be applied to other cancers by changing the siRNA sequence and incorporating tumor-specific ligands. It can also be used as a platform for cancer theranostics after incorporating an imaging agent.
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![**Schematics of the siRNA/PLEGP nanocomplex.** (A) Synthetic reaction scheme of PLEGP. (B) Fabrication of the siRNA/PLEGP nanocomplex. (C) Delivery of the nanocomplex to tumor cells. The copolymer (PLEGP~600~, PLEGP~1800~, PLEGP~10k~) were synthesized by conjugating LMW branched PEIs to poly\[bis(ɛ-Lys)Glut-PEG\]. PLEGP efficiently condenses VEGF siRNA into a stable nanocomplex structure and protect the siRNA from serum degradation. The siRNA/PLEGP nanocomplex accumulated in tumor tissues via the enhanced permeability and retention (EPR) effect. The nanocomplex enters the cells via endocytosis and release the siRNA into the cytoplasm via the "proton sponge effect."](thnov09p4508g001){#F1}

![**Characterizations of the siRNA/PLEGP~600~, siRNA/PLEGP~1800~ and siRNA/PLEGP~10k~ nanocomplexes.** (A) Gel retardation assay. (B) Zeta potential. (C) Particle size and TEM. The scale bar represents 500 nm.](thnov09p4508g002){#F2}

![**Serum stability and cytotoxicity of the siRNA/PLEGP nanocomplexes.** (A) Serum stability of siRNA/PLEGP~600~, siRNA/PLEGP~1800~ and siRNA/PLEGP~10k~ nanocomplexes in 50% rat serum for 0, 1, 3, 6, 12, 24, and 36 h. (B) Viability of HeLa cells treated with the siRNA/PLEGP nanocomplexes for 24 and 48 h. (C) Viability of MDA-MB-231 cells treated with the siRNA/PLEGP nanocomplexes for 24 and 48 h. (D) Viability of MCF-10A cells treated with the siRNA/PLEGP nanocomplexes for 24 and 48 h. Lipofectamine^®^ 2000 was used as a control. All results are presented as the mean ± SD (n=3). (\* P \<0.05)](thnov09p4508g003){#F3}

![**Cellular uptake of the siRNA/PLEGP nanocomplexes in HeLa and MDA-MB-231 cells.** siRNA was labeled with Cy5 for fluorescence analysis using flow cytometry (A, B) and confocal microscopy (C, D). Fluorescence intensity of HeLa cells (A) and MDA-MB-231 cells (B) that take up the siRNA/PLEGP nanocomplexes. Representative confocal images of HeLa cells (C) and MDA-MB-231 cells (D) treated with the siRNA nanocomplexes. The scale bar represents 20 µm. Co-localization of Cy5-siRNA and Lysotracker shown in HeLa cells (E) and MDA-MB-231 cells (F) was quantitated using ImageJ. All results are presented as the mean ± SD (n=3). (\* P \<0.05; \*\* P \<0.01).](thnov09p4508g004){#F4}

![**3D spheroid penetration study and silencing activity of the siRNA/PLEGP nanocomplexes.** (A) Representative z-stacked confocal images of the spheroids with a z-step of 50 µm. The scale bar represents 50 µm. (B) Mean fluorescence intensity of the z-stacked confocal images vs. the distance from the periphery of the spheroids. (C) Silencing activity of the luciferase siRNA/PLEGP nanocomplex in HeLa cells. Dual luciferase reporter assay was used to detect silencing activity. For each siRNA, the ratios of Firefly to Renilla luciferase activity were normalized to the cells treated with scrambled siRNA and presented as the percentage mean ± SD (n=3). (D) Silencing activity of the VEGF siRNA/PLEGP nanocomplexes at the protein level in MDA-MB-231 cells. Silencing activity of each siRNA was normalized to scrambled siRNA and presented as the percentage mean ± SD (n=3).](thnov09p4508g005){#F5}

![**The VEGF siRNA/PLEGP~1800~ nanocomplex inhibits the migration and invasion of MDA-MB-231 cells.** (A, B) Representative pictures and quantitative analysis of migrated MDA-MB-231 cells after transfection with the VEGF siRNA/PLEGP~1800~ nanocomplex for 6 h. Quantitative analysis was performed by counting the number of cells on the bottom of the membrane in six random microscope fields from three independent samples. (C, D) Representative pictures and quantitative analysis of invasion of MDA-MB-231 cells treated with the VEGF siRNA/PLEGP~1800~ nanocomplex for 24 h. Quantitative analysis was performed by counting the number of cells on the bottom of the membrane in six random microscope fields from three independent samples. The number of migrated and invaded cells were normalized to the group. treated with scrambled siRNA and presented as the percentage mean ± SD (n = 3). (\*\* P \< 0.01 (E) Representative images of 3D spheroid invasion of MDA-MB-231 cells (n = 4). (F) Quantification of spheroid invasion based on the changes of the total area of the spheroids. The spheroid areas of each group were normalized to the spheroid area of the group at day 1 and presented as the percentage mean ± SD (n = 4). (\*\* P \< 0.01)](thnov09p4508g006){#F6}

![**The VEGF siRNA/PLEGP~1800~ nanocomplex inhibits the proliferation of MDA-MB-231 and HUVEC cells.** (A) Proliferation of MDA-MB-231 cells treated with the VEGF siRNA/PLEGP~1800~ nanocomplex for 48 h and 72 h. (B, C) Proliferation of HUVECs. HUVECs were cultured with serum-free DMEM medium, complete DMEM containing 10% FBS, and the culture medium derived from MDA-MB-231cells transfected with VEGF siRNA/PLEGP~1800~ or scrambled siRNA/PLEGP~1800~ for 24 h (B) and 48 h (C). (D) Tube formation of HUVECs in serum-free DMEM medium, complete DMEM containing 10% FBS, and the culture medium derived from MDA-MB-231cells transfected with the VEGF siRNA/PLEGP~1800~ or scrambled siRNA/PLEGP~1800~ for 24 h. All results are presented as the mean ± SD (n = 3). (\* P \< 0.05; \*\* P \< 0.01).](thnov09p4508g007){#F7}

![**Biodistribution and anti-tumor activity of the VEGF siRNA/PLEGP~1800~ nanocomplex in an orthotopic TNBC mouse model.** (A) Free Cy5-labeled siRNA or the Cy5-siRNA/PLEGP~1800~ nanocomplex were injected at an siRNA dose of 0.1 mg/kg via tail vein. Fluorescence images of the liver, tumor, lung, spleen, kidney, heart, and muscle from three mice were taken at 24 h post-injection. (B) Mean fluorescence intensity of each organ was normalized to the mean fluorescence intensity of the heart. The results are presented as the mean ± SD (n = 3). Relative tumor volume (C) and tumor weight (D) of the mice orthotopically implanted MDA-MB-231 cells. (E) Expression of VEGF in tumor tissues. In the end of the activity study, sera were collected from the mice to measure ALT (F) and AST (G) levels. The results of relative tumor volume are presented as the mean ± SE (n = 6). All other results are presented as the mean ± SD (n=6). (\* P \< 0.05, \*\* P \< 0.01). (H) CD31staining of tumor tissues and H&E staining of the tumor, liver, kidney and lung. The scale bar represents 100 µm.](thnov09p4508g008){#F8}

###### 

Substitution Efficiency of the Primary Amine by PEI in PLEGP

  -------------------------------------------------------------------------------------------------------------------------
                    Polymer/PEI molar ratio   PEI (nmole)/\   Substitution Efficiency of Primary Amine   Molecular Weight
                                              Polymer (mg)                                               
  ----------------- ------------------------- --------------- ------------------------------------------ ------------------
  **PLEGP~600~**    1:10                      236.8           57.7%                                      31471

  **PLEGP~1800~**   1:10                      165.8           49.3%                                      38487

  **PLEGP~10k~**    1:10                      43.6            16.2%                                      47844
  -------------------------------------------------------------------------------------------------------------------------
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